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(54) Multi-level memory device and methods for programming and reading tlie same 



(57) A multilevel memory core includes a word line 
and a bit line. The multilevel memory core also includes 
a core cell in electrical communication with the word line 
and the bit line. The core cell includes a threshold 
changing material. The threshold changing material is 



programmed to define multiple levels for storage where 
each of the multiple levels for storage is associated with 
a corresponding threshold voltage. Methods for reading 
the multilevel memory core also are described. 
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Description 

BACKGROUND OF THE iNVENTION 

[0001] The present invention relates generally to 
memory devices and, more particularly, to a method of 
programming a threshold changing material of a mem- 
ory cell to allow for multilevel data storage and associ- 
ated reading techniques. 

[0002] The resistance ratio of amorphous and crystal- 
line chalcogenide is typically more than 1 000 times. Due 
to this difference it has been proposed to separate the 
resistance into several stages and utilize the stages for 
are multi-level storage. Figure 1 is a graph illustrating a 
plot of the resistance versus the current for a multi-level 
chalcogenide random access memory (RAM). As is il- 
lustrated by line 1 02. the resistance steps up according 
to each current increment. The resistance of chalcoge- 
nide may be tuned, however, one of the shortcomings 
associated with defining the stages through the resist- 
ance is that the resistance difference is difficult to sense 
because the sensing margin is small for multi-level ap- 
plications and the sensing time for the high resistance 
stage will bo long. For example, assuming that there are 
4 states of resistance and they are 5k, 50k, 500k and 
5M Ohm, the current to read a cell is usually 20 ^.A. If 
we apply 0.1 V on a ceil, and the cell resistance may be 
5k, 50k, 500k and 5iVI, the current read will be 20 ^A, 2 
nA, 0.2 \iA (which can be hardly sensed), and 20 nA (the 
same order as noise), respectively. That is, it is almost 
impossible to sense all the states at that level. 
[0003] In light of the foregoing, there is a need for a 
multi-level (multiple bits per cell) memory cell structure 
that includes a feature that is readily sensed for the mul- 
tiple levels so tiiat the associated states may be easily 
discerned. 

SUMMARY OF THE INVENTION 

[0004] Broadly speaking, the present invention pro- 
vides a memory cell structure that is capable of defining 
multiple bits per cell through the use of a threshold 
changing material. 

[0005] In accordance with one aspect of the present 
invention, a multilevel memory core is provided. The 
multilevel memory core Includes a word line and a bit 
line. A core cell in electrical communication with the 
word line and the bit line is also included. The core cell 
includes a threshold changing material. The threshold 
changing material is programmed to define multiple lev- 
els for storage where each of the multiple levels for stor- 
age is associated with a corresponding threshold volt- 
age. 

[0006] In one embodiment, the threshold changing 
material is programmed by applying different energy 
pulses to the threshold changing material. In another 
embodiment, the voltage threshold is tuned through the 
application of the different energy pulses. 



[0007] In accordance with another aspect of the 
present invention, a method for reading a multilevel 
memory device is provided. The metinod includes apply- 
ing a read voltage to the multilevel memory device. 
5 Then, a state of a current associated with the read volt- 
age is detemnined. Next, an access state of the multi- 
level memory device based on the current is deter- 
mined. 

[0008] In one embodiment, the multilevel memory de- 
vice is programmed prior to being read. The program- 
ming includes tuning a voltage threshold through the ap- 
plication of varying energy pulses. 
[0009] In accordance with yet another aspect of the 
present invention, a method for reading multiple levels 
of a multilevel memory device is provided. The method 
initiates with applying a voltage to a threshold changing 
material of the multilevel memory device. Then, a cur- 
rent related to the voltage is sensed to distinguish be- 
tween each of the multiple levels. 
[001 0] It will be apparent to those skilled in the art that 
the method of reading the multilevel memory device of 
the present Invention may be applied in numerous mem- 
ory/solid state device applications. One of the significant 
advantages of the road method Is the speed and the 
sensing margin achieved when reading the current as 
opposed to sensing resistance. 
[0011] It is to be understood that the foregoing general 
description and the following detailed description are ex- 
emplary and explanatory only and are not restrictive of 
the invention, as claimed. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0012] The accompanying drawings, which are incor- 
porated in and constitute part of this specification, illus- 
trate exemplary embodiments of the invention and to- 
gether with the description serve to explain the princi- 
ples of the invention. 

Figure 1 is a graph illustrating a plot of the resist- 
ance versus the current for a multi-level chaboge- 
nide random access memory (RAM). 
Figure 2 is a simplified schematic diagram of a por- 
tion of a typical chalcogenide memory array. 
Figure 3 is a nonnallzed curent (l)-nomnall2ed volt- 
age (V) curve where different programming pulses 
were applied to applied to a threshold changing ma- 
terial in order to define different threshold voltages. 
Figure 4 is a flow chart diagram illustrating the meth- 
od operations for reading the mutti*levei states as- 
sociated with a threshold changing material. 
Figure 5 is flowchart diagram representing an alter- 
native method for reading the multi-level states of 
a threshold changing material described with refer- 
ence to Figure 4. 
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DETAILED DESCRIPTION OF EXEMPLARY 
EMBODIMENTS 

[001 3] Several exemplary embodiments of the inven- 
tion will now be described in detail with reference to the 
accompanying drawings. Figure 1 has been described 
above in the "Background of the Invention" section. 
[0014] In accordance with the present invention, a 
threshold voltage associated with a threshold changing 
material Is obtained by applying different energy pulses 
in order to define different threshold voltages. In one em- 
bodiment, the threshold changing material is a chalco- 
genide material. Further infomiation on adjusting the 
threshold voltage, V^^, of a material capable of changing 
is discussed in related U.S. Patent Application No. 

(Attorney Docket No. MXICP020), 

filed on even date herewith, and entitled " Method for 
Adjusting the Threshold Voltage for a Memory Cell.". 
The disclosure of this related application is incorporated 
herein by reference for ail purposes. Above the thresh- 
old voltage, the current associated with each stage is 
distinguishable. Consequently, by sensing the current, 
the corresponding states may be detemnined. There- 
fore, within one memory core coll multiple states may 
exist and the different states con^espond to a sensed 
curi-ent. 

[0015] Figure 2 Is a simplified schematic diagram of 
a portion of a typical chalcogenide memory array. Mem- 
ory array portion 112 includes word lines 108 a and 
. 1 08b, bit lines 1 1 0a and 1 1 0b, transistor device 1 04, and 
chalcogenide device 106. Transistor device 104 func- 
tions as a steering device, i.e., an access transistor, 
whteh provides access to chalcogenide device 1 06 from 
the corresponding word line and bit line. By way of ex- 
ample, transistor device 104 may by an access P-N di- 
ode, a bipolar junction transistor (BJT), or other suitable 
transistor. It should be appreciated that chalcogenide 
device 106 functions as a memory device. 
[0016] Figure 3 is a normalized current (l)-normalized 
voltage (V) curve where different programming pulses 
were applied to applied to a threshold changing material 
in order to define d.lfferent threshold voltages. As de< 
scribed in the above-mentioned related application (At- 
torney Docket No. MXICP020), the V^^ of chalcogenide 
may be adjusted by applying energy into the film. There- 
fore, there may be different V^, within a single memory 
core cell. To program a cell, the steering transistor of the 
selected cell may be activated and a certain energy 
pulse is applied to the cell. The energy pulse is associ- 
ated with a certain duration and profile. For example, to 
program a cell a voltage from 0.1 V to 20 V may be ap- 
plied. In one embodiment, the duration may be 1 nano- 
second (ns) to 1 000 ns. One skilled in the art will appre- 
ciate that different programming pulses result in differ- 
ent V^^. The various states illustrated in Figure 3 are as- 
sociated with the four threshold voltages {\/^). That is, 
is associated with a first state, V,^ is associated 
with a second state, is associated with a third state, 
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and Vth4 is associated with a fourth state. 
[0017] Table 1 below provides a truth table associated 
with the four states illustrated in Figure 3. As can be 
seen, state 1 Is defined when the read voltage is be- 
5 tween Vj^i and \/^2' States 1 and 2 are defined when 
the read voltage is between Vth2 and States 1 , 
2, and 3 are defined when the read voltage Vj. is be- 
tween Vth3 and Vth4. States 1,2,3, and 4 are defined 
when the read voltage V^j is greater than \/^. 

10 

TABLE 1 



20 



State 


1 


2 


3 


4 


Road VoltagoW^, 


Vthi 


Vth2 


Vth4 


Vth3 


Vth1<Va<Vm2 


On 


Off 


Off 


Off 


Vth2<Vb<Vth3 


On 


On 


Off 


Off 


Vth3<Vc<Vth4 


On 


On 


On 


Off 


Vth4<Vd 


On 


On 


On 


On 



[0018] Figure 4 is a flow chart diagram illustrating the 
method operations for reading the multi-level states as- 
sociated with a threshold changing material. The meth- 
od initiates with decision operation 122 where a current 
is measured at read voltage V^,. If the cun^nt is high 
(on), then the method advances to operation 124 where 
the state is either state one or state two. The method 
then moves to decision operation 1 26 where the current 
is measured at read voltage V^. If the current Is high 
(on), then the associated state Is state one as Indicated 
in box 128. If the cunrent measured in decision operation 
126 Is low (off), then this is an indication of state two 
130. Returning to decision operation 122, if the current 
measured at is low (off), then this Is an Indication of 
either state three orfour as represented by box 132. The 
method then proceeds to decision operation 134 where 
the cun-ent is measured at voltage Vg. If the current 
measured at ts high (on), then this is an indication of 
state three 1 36. If the current measured at Is low (off) . 
then the associated state hero is state four as represent- 
ed by box 138. 

[0019] Figure 5 is a flowchart diagram of an altema- 
tlve method for reading the multi-level states of a thresh- 
old changing material described with reference to Figure 
4. The method initiates with a decision operation 140 
where a cun-ent is measured at voltage V^. If the current 
associated with read voltage Vq indicates high (on), then 
the method proceeds to operation 142 which indicates 
that the state is either state two, three or four. The meth- 
od then proceeds to decision operation 144 where the 
curent is measured at read voltage V^. If the current 
associated with V,, is high (on), this indicates either state 
three or state four in box 1 46. The method then moves 
to decision operation 1 48 where the current Is measured 
at voltage V^. If the voltage at V^. is high (on), then state 
three is indicated as provided by box 150. If the current 
measured in decision operation 148 indicates low (off), 
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current steering elennent is an access transistor. 

4. The nfiultilevel memory core of claim 2, wherein the 
steering element Is an access P-N diode. 

5 

5. The multilevel memory core of claim 2, wherein the 
steering element is an access bipolar junction tran- 
sistor (BJT). 

10 6. The multilevel memory core of claim 1, wherein 
each corresponding threshold voltage is different. 

7. The multilevel memory core of claim 1 , wherein 
each corresponding threshold voltage Is associated 
IS with a corresponding current. 



5 

then this represents state four, box 156. If the 
measured in decision operation 144 at Indicates tow 
(off), then state two has been identified as represented 
by box 154. Returning to decision operation 140, if the 
current measured at is low (off), then state one, box 
152 has been achieved. 

[0020] In summary, a multi-level chalcogenide mem- 
ory is described herein. The multi-level data are stored 
according to different threshold voltages. In one embod- 
iment, the threshold voltage is tuned by applying differ- 
ent energy pulses (further infomiation on applying dif- 
ferent energy pulses to tune the threshold voltage has 
been Incorporated herein by reference). Additionally, 
two reading methods have been discussed. It should be 
appreciated in each of the reading methods the reading 
voltage should be higher than the threshold voltage. Ac- 
cordingly, by changing the threshold voltage of the 
threshold changing material, a multi-level memory is 
provided. As discussed above, a mulli-level non-volalile 
random access memory may be achieved in one em- 
bodiment of the invention. Since the reading sensing 
margin is very large ,a8 opposed to a resistance-based 
model, the multi-level stages may be easily discerned. 
Reading the current suffices to provide a distinguishing 
feature. Furthermore, the reading speed is relatively fast 
as compared to other reading speeds, i.e., the speed 
associated with reading resistance. 
[0021] The invention has been described herein in 
terms of several exemplary embodiments. Other em- 
bodiments of the invention will be apparent to those 
skilled in the art from consideration of the specification 
and practice of the invention. The embodiments and 
prefen-ed features described above should be consid- 
ered exemplary, with the scope of the invention being 
defined by the appended claims and their equivalents. 



Claims 

1 . A multilevel memory core, comprising: 

a word line; 
a bit line; and 
a core cell in electrical communication with the 
word line and the bit line, the core cell Including 
a threshold changing material, the threshold 
changing material programmed to define mul- 
tiple levels for storage, each of the multiple lev- 
els for storage associated with a corresponding 
threshold voltage. 

2. The multilevel memory core of claim 1 , further conrv 
prising: 

a steering element in electrical communication 
with the core cell. 

3. The multilevel memory core of claim 2, wherein the 



8. The multilevel memory core of claim 1 , wherein the 
threshold changing material is a chalcogenide ma- 
terial. 

20 

9. The multilevel memory core of claim 1, wherein 
each level of the multilevel memory core defines a 
state, the state being detected by a cun^ent differ- 
ence. 

25 

10. The multilevel memory core of claim 1 , wherein the 
multilevel memory core Is a nonvolatile random ac- 
cess memory. 

30 11. A method for reading a multilevel memory device, 
comprising: 

applying a read voltage to the multilevel mem- 
ory device; 

35 detemnining a state of a current associated with 

the read voltage; and 

detemnining an access state of the multilevel 
memory device based on the current. 

40 12. The method of claim 11 , wherein the read voltage 
is greater than a threshold voltage. 

13. The method of claim 11 , wherein the method oper- 
ation of applying a read voltage to the multilevel 
45 memory device Includes, 

applying a different read voltage to the multi- 
level memory device if the state of the current as- 
sociated with the voltage is an on state. 

so 14. The method of claim 11 , further comprising: 

programming the multilevel memory device. 

15. The method of claim 14, wherein the programming 
S5 of the multilevel mennory device includes: 

applying a voltage between about 0.1 volt and 
20 volts. 
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16. The method of claim 1 5, wherein the applying of the 
voltage between about 0.1 volt and 20 volts in- 
cludes: 

applying the voltage for between about 1 nano- 
second (ns) and 1,000 ns. 

17. The method of claim 11, wherein the multilevel 
memory device is a nonvolatile memory device. 

18. The method of claim 14, wherein the programming 
of the multilevel memory device includes: 

activating a steering transistor. 

19. A method for reading multiple levels of a multilevel 
memory device, comprismg: 



applying a vollage to a threshold changing ma- 
terial of the multilevel memory device; and 20 
sensing a current related to the voltage to dis- 
tinguish between each of the multiple levels. 



20. The method of claim 19, further comprising: 

applying an other voltage; 

sensing a cunrent related to the other voltage; 

and 

calculating a ciin^ent difference. 

21. The method of claim 20, wherein the current differ- 
ence is a difference between the current related to 
the voltage and the cunrent related to the other volt- 
age. 

22. The method of claim 19, wherein the threshold 
changing material Is a chalcogenide material. 
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